The first rotational spectrum of a dinuclear complex, MnRe͑CO͒ 10 , has been obtained using a high-resolution pulsed beam microwave spectrometer. Sixty-four hyperfine components of the J ϭ11→JЈϭ12 and Jϭ12→JЈϭ13 rotational transitions were measured for two rhenium isotopomers. 
The rotational spectrum and theoretical study of a dinuclear complex, MnRe"CO… 10
I. INTRODUCTION
The study of transition metal carbonyl complexes and their derivatives is a very active and exciting area of chemical research. A recent review of the reactivity and synthesis of metal-metal bonded dinuclear complexes by Concolino and Eglin 1 provided a glimpse into this vast area of research. Over many decades, a number of useful and important compounds were discovered. Some of the most interesting ones were the metal-metal bonded derivatives of the dinuclear carbonyl complexes. For example, several chromium or molybdenum-based derivatives have been demonstrated to interfere with DNA replication by interacting with the base pairs. These biologically important derivatives are being developed as antitumor agents. [2] [3] [4] [5] Other useful derivatives include the molybdenum or rhenium-based compounds, which are used as homogeneous catalysts and magnetic materials. [6] [7] [8] Other notable derivatives are the derivatives of dirhodium ͑II͒ acetates, known simply as Doyle catalysts. 9 Doyle catalysts are used effectively for the homogeneous asymmetric cyclopropanation, cyclopropenation, and intramolecular C-H insertion reactions. 10 All of these specialized compounds are derivatives of simple molecular building blocks, namely the metal-metal bonded carbonyl complexes. These building blocks are classified as either homo-or heterodinuclear carbonyl complexes ͓M 2 (CO) n , where M is a transition metal and n is integer͔. In recent years, the heterodinuclear carbonyl complexes have received considerable research attention because of their chemical relevance in the synthesis of cluster complexes for catalysts. [11] [12] [13] One of the basic and useful building blocks for some of the heterodinuclear compounds is the MnRe͑CO͒ 10 complex. Coville and Leins 14 have compiled a comprehensive review on the chemical and physical properties of the manganese rhenium decacarbonyl complex.
The MnRe͑CO͒ 10 complex has served as a basic model for the study of heterodinuclear systems. The study of this complex has contributed much to our fundamental understanding about the electronic and structural properties, and the reactivity of metal-metal bonds. [15] [16] [17] [18] [19] [20] [21] MnRe͑CO͒ 10 is a neutral coordination complex, stabilized by common strong -acceptor CO ligands. Upon losing the carbonyl ligands due to heat or radiation, the fragmented dinuclear complex generally tends to become unstable and very reactive. The coordinatively unsaturated dinuclear fragments can undergo an intramolecular rearrangement to form a bridging complex via carbonyl ligand or interact with other suitable ligands. Brown and Zhang 22 have shown that the MnRe͑CO͒ 9 fragment in hexane has one CO coordinated to the metals in a semibridging fashion. A bridging ligand can influence the chemical and physical properties of dinuclear compounds. For example, many bridged paddle wheel dichromium de-rivatives are known for their very short Cr-Cr bonds, and this has been ascribed to a quadruple bond between the two metals. 23, 24 The strength and nature of metal-metal bonding can determine the molecular structure and influence the reactivity of dinuclear complexes.
The crystal structure of MnRe͑CO͒ 10 had been reported earlier. The structure of MnRe͑CO͒ 10 was first studied by Nesmeyanov and co-workers, 25 who reported the Mn-Re bond distance of 2.96 Å. In 1986, Rheingold, Meckstroth, and Ridge 26 redetermined the crystal structure, and reported an unexpectedly short Mn-Re bond distance of 2.909͑1͒ Å for the MnRe͑CO͒ 10 complex. Other measurements on similar Mn-Re dinuclear complexes [27] [28] [29] placed the value of the Mn-Re bond distance in the range of 2.817-2.96 Å. The exact molecular symmetry of MnRe͑CO͒ 10 was not determined from these x-ray diffraction studies but was reported to be approximately D 4d symmetry.
We have now obtained the first pure rotational spectrum for the MnRe͑CO͒ 10 complex. The complex exhibits a prolate symmetric-top rotational spectrum with hyperfine structure due to the Re and Mn nuclear quadrupole interactions. The complex has C 4v symmetry, with the principal C 4 symmetry axis along the axis (a axis͒ of the smallest moment of inertia, I aa . We observed that the partially resolved hyperfine transitions are derived from two K stacks, with Kϭ0 and 4. Mn), the quadrupole coupling constant along the a axis for the 55 Mn. The measured rotational constants obtained from this study have allowed reasonably accurate estimates of the Mn-Re bond length.
In the present study, we also report a systematic theoretical study of the molecular equilibrium structure, electric quadrupole coupling strengths, and Mn-Re internuclear potential energy function for this complex. An important initial goal of the theoretical study was to give a sufficiently good prediction of the signs and relative magnitudes of the quadrupole coupling parameters to assist analysis of the experimental microwave data. Many recent density functional theory ͑DFT͒ calculations [30] [31] [32] [33] have provided valuable insights into the electronic and molecular structures of homodinuclear complexes and their fragments. However, there are presently no reliable theoretical studies for heterodinuclear complexes and very few results for third-row mononuclear transition metal complexes. In this paper, we include theoretical calculations of quadrupole coupling strengths for HMn͑CO͒ 5 , HRe͑CO͒ 5 , and MnRe͑CO͒ 10 . Calculations on the mononuclear complexes were done to evaluate and test the methods. The calculations on the MnRe complex can assist in making assignments of measured lines, and the results can then be compared with final experimental results. In addition, comparison of the measured and calculated quadrupole-coupling constants for the MnRe͑CO͒ 10 complex provide a sensitive probe for testing the accuracy of theoretical methods.
II. EXPERIMENT
The MnRe͑CO͒ 10 , complex was prepared following previously published synthetic procedures 34, 35 with some modifications. All synthetic reactions were carried out under a nitrogen atmosphere. The MnRe͑CO͒ 10 complex can be prepared by reacting either Re͑CO͒ 5 Cl or Re͑CO͒ 5 Br with NaMn͑CO͒ 5 at room temperature. The following reagents were used to prepare the MnRe͑CO͒ 10 complex: Re͑CO͒ 5 Cl or Re͑CO͒ 5 Br ͑Strem Chemicals:75-4000, 75-0150͒, and NaMn͑CO͒ 5 . Tetrahydrofuran ͑THF͒ was used as solvent and freshly distilled over sodium, in a nitrogen atmosphere, prior to use. Re͑CO͒ 5 Br was prepared from Re 2 (CO) 10 and liquid Br 2 using a well-published procedure. 36 The NaMn͑CO͒ 5 salt was not available from commercial sources but was prepared using well-known synthetic procedures 34, 35 with some modifications. The NaMn͑CO͒ 5 salt was prepared by reacting Mn 2 (CO) 10 with NaK͑22% Na:78% K͒. 37 About 2.0 grams of Mn 2 (CO) 10 was dissolved in 50.0 ml of THF and NaK was subsequently syringed into this solution in a 1:1 molar ratio. Right after the NaK was introduced to the yellow solution of Mn 2 (CO) 10 , the solution quickly turned bright red, indicating the reaction had started. After overnight stirring at room temperature, the NaMn͑CO͒ 5 salt solution appeared as a dark orange colored solution. To the NaMn͑CO͒ 5 salt solution, a 2:1 molar ratio solution of Re͑CO͒ 5 Br or Re͑CO͒ 5 Cl ͑in THF͒ was injected via a syringe. Following the injection of Re͑CO͒ 5 Br or Re͑CO͒ 5 Cl solution, the reaction flask was quickly purged with nitrogen and sealed tightly to prevent air from entering the flask. This reaction flask was then left to react for five days at room temperature. At the end of the five-day reaction period, THF was removed from the reaction flask under vacuum at room temperature. The resulting yellow solid residue was sublimed at 75 to 80°C and 0.4 Torr. The air-sensitive MnRe͑CO͒ 10 was a lemon yellow solid and often required a second sublimation to improve the purity.
Microwave data were collected using a Flygare-Balle type, 38 pulsed-beam Fourier transform microwave spectrometer operating in the 4 -8 GHz range. This spectrometer was constructed in our laboratory, 39 following the general design given by Balle and Flygare, 38 and modified for these experiments as discussed below. The sample of MnRe͑CO͒ 10 was placed into a glass sample cell, which is directly connected to the pulse valve. In order to produce sufficient vapor pressure from the solid sample, the glass cell and pulsed valve were heated to about 83°C. This temperature was maintained throughout the experiment. The sample was pulsed into the microwave cavity, at a constant pulse rate of about 2 Hz, using neon as a carrier gas. The backing pressure of neon was maintained between 0.6 -0.7 atm. The scanning was done between 4 -5 GHz regions based on our ''best'' frequency predictions. Predictions of the frequencies were generated using coordinates produced from x-ray crystallographic data. 25, 27 The frequency predictions obtained this way were accurate within about Ϯ1.0%. Two rotational transitions with hyperfine splittings were measured in this experiment for each of the two rhenium isotopomers, 55 Re͑CO͒ 10 . The measured transitions were relatively high J rotational transitions, Jϭ11 →JЈϭ12 and Jϭ12→JЈϭ13. Many lower J transitions (JϽ11), which lie below 4 GHz, were not accessible using our current spectrometer. With the present configuration, our instrument operates in the 4 -18 GHz frequency range.
The MnRe͑CO͒ 10 complex has a large moment of inertia and fairly small permanent dipole moment. This made it quite difficult to observe the transitions. To help overcome this problem, a MITEQ low-noise amplifier ͑cooled with liquid N 2 ) was placed between the antenna in the Fabry-Perot cavity and the MITEQ balanced mixer to improve the spectrometer sensitivity. The MITEQ amplifiers used in our system are models JS2-020080-080-CR ͑2-8 GHz͒ and JS2-00160-150-CR ͑6 -18 GHz͒. Even with the improved sensitivity, an average of 1000 beam pulses was required to obtain a signal-to-noise ratio better than 2/1. The spectral resolution with the Ne carrier gas is about 20.0 kHz.
III. THEORY
The theoretical studies were performed to determine the equilibrium structure for MnRe͑CO͒ 10 , and the electric field gradients ͑EFG͒ and nuclear quadrupole-coupling constants ͑NQCC͒, where neither the NQCC approximate magnitudes nor their signs were available from previous work. These new calculated values were useful for prediction of the experimental quadrupole splittings. Since the signs and magnitudes of the NQCC for both HMn͑CO͒ 5 and HRe͑CO͒ 5 complexes have been determined from previous microwave experiments, 40 ,41 the approach to the dinuclear compound was to study these two single metal carbonyl bonded complexes first. In this way, the basis sets necessary to give a good account of the Mn and Re quadrupole coupling would be determined in advance.
The first task was to find suitable basis sets for both Mn and Re which would be compatible with those of the ͑much smaller͒ H, C, and O atoms; the criteria for acceptability are that ͑a͒ the energy for the atoms should be close to best ab initio values. ͑b͒ All functions ͑GTOs͒ should make a significant contribution to the total density. ͑c͒ Since EFG calculations are sensitive to p orbitals in particular, a large level of uncontraction would be necessary to allow for core-valence polarization. Previous experience [42] [43] [44] [45] with molecules having atoms having Z values up to that of iodine showed that the DZ ͑double zeta͒ and TZVP ͑triple zeta valence ϩpolarization) bases of Huzinaga and Dunning 44, 45 ͑for C,O, and H͒ are able to give good NQCC agreement with experiment for a variety of attached nuclei. A further feature, however, which emerged from these studies was that although bases contracted to double or triple zeta on the heavy atom gave good agreement with experimental structures, the quadrupole coupling at the halogen was often very low in magnitude. However, when the bases were effectively run uncontracted, then the structure was little changed, but the EFG now rose to values comparable with experimental ones. Finally, again because of the atomic size range, it became necessary to use uncontracted functions on the H, C, and O atoms as well. Hence, these approaches were applied to the present study, where GTO basis set sizes up to ϳ900 were used. The number of electrons makes more recent larger basis sets, such as the cc-pVTZ, 46 quite impracticable. The Mn basis set was the Huzinaga ͑uncontracted 14s9 p5d) set 47 extended to (14s10p7d). A series of calculations was performed with a single f function on Mn, with exponents in the range 1-10, but the atomic populations were always below 0.01e, and the effect on both the Mn-Re bond length and the EFG was found to be very small. Although effective core potential ͑ECP͒ bases such as LanL2DZ 48 -52 are available for Re, the use of these is limited to determining an equilibrium structure ͑see below͒, since the core electrons contribute most of the EFG, and the lack of flexibility for the ''core'' parameters would not be expected to give accurate results. Thus, we determined an all-electron basis set for Re using previous studies, [53] [54] [55] [56] with reported energies
͑Ref. 52͒ Ϫ15 784.5 for both (31s24p20d14f ) ͑Ref. 54͒ and (24s17p15d10f ) ͑Ref. 55͒. The apparent near identity of the latter two studies, with rather different bases, suggested that reinvestigation would be significant. Thus, we reoptimized an Re basis, starting with a previous basis set for Sn, and making use of the reported relationship 42 between Gaussian exponents for two elements ͑nuclear charges Z A , Z B ,), namely exp(A)
2 ϫexp(B). After further minor adjustments in the basis set, by scaling the exponents to achieve lower total energy, we obtained EϪ15 781.55 a.u. with (21s15p11d6 f ). This energy is close to the best above, but achieved with a much more compact basis, and hence usable for large molecule calculations. These Re exponents were contracted ͓s/ p/d/ f ͔ to ͓8,3,2,1 11 /71 12 /6,2,1 7 /7,3͔, with similar treatment ͓s/ p/d͔ for Mn ͓3,1 11 /3,1 7 /4,1 4 ͔; here, the superscript shows the number of single terms. In order to retain compatibility, the C, O (11s6 p1d) and H(7s2p) functions were also largely uncontracted C, O ͓5,1 6 /3,1 4 /1 2 ͔, and H͓1 7 /1 2 ͔; these differ from the TZVP basis set by the addition of additional s,p,d functions of more diffuse character. Since the use of Cartesian GTOs leads to 6d and 10f functions, and the possibility of linear dependence through the implicit s-and p functions in these sets, respectively, most of the calculations required the use of the harmonic rather than Cartesian choice, with reduction in number of functions. This is exemplified in Table I as 417→392 ͑har-monic͒, etc. All the ab initio and DFT calculations were performed using the GAMESS-UK programming package. 57, 58 A. HMn"CO… 5 calculations Some previous calculations of the X 1 A 1 state with smaller bases and at the SCF and MP2 level have been reported. 59, 60 Starting with HMn͑CO͒ 5 and always assuming C 4v symmetry, Table I shows the results of several methods with several bases, and a comparison with the microwave spectral structure and the ED structure alone. 61 The former was based upon some calibration with neutron and electron diffraction ͑ED͒ data, and assumed linear MnCO groups. The most critical point is that although the larger bases give a good account of many of the structural parameters, the H-Mn bond in particular is poorly determined in relation to this microwave structure, with the Mn-C ax bond also relatively poor. However, both these parameter values are very close to the ED study, 61 and some previous work. 62 The DZ and TZVP SCF calculations overestimate H-Mn, while the DFT ͑B3LYP and BP86͒ values are too short, with MP2 results even shorter. The atomic populations for the small bases seem quite unrealistic. Overall, the Becke-Perdew ͑BP86͒ study is marginally better than B3LYP, and gives the best structure and EFG, and of course, with the correct sign. The effect on the rotation constants, from these differences between the BP86 structure and the microwave structure, is fairly small ͓A,B are 903.7 MHz͑calculated͒ to be compared with 908.0 MHz͑from experiment͔͒, in line with many equilibrium structure differences ͑0.5%͒ from experiment. The Mulliken atomic populations seem to have stabilized with the largest bases, but the effect of structure can be seen when the results of a B3LYP calculation at the experimental structure are compared with the equilibrium structure values. At r e , the H atom is effectively neutral, with positive Mn being counterbalanced by CO polarization. Overall, the dipole moment is found to be very low ͑0.226D with the extended BP86 basis͒. In conclusion, while several factors remain unclear, particularly why the structure does not agree more closely with all aspects of the microwave one, the present calculations do provide some confidence that the 55 Mn quadrupole coupling constants are fairly stable with respect to both methodology and basis set ͑particularly in sign͒.
B. HRe"CO… 5 calculations
A C 4v equilibrium structure has been obtained by ECP methods, BP86 and B3LYP, similar to those for the manganese compound. 59 More recently, the ground and excited states were studied using the microwave structural parameters, with relativistic ECPs, containing a valence basis up to (13s10p4d1 f ) for an effective Zϭ15. 63 In the present study, we initially used the LanL2DZ basis ͓with a 114 ͑har-monic͒ basis͔; as can be seen, this gives a relatively good structure; as expected, the Re EFG is effectively zero, and quite different from experiment. However, when the extended basis set above, containing 434 ͑Cartesian͒ GTOs, was used with the LanL2DZ structure, the quadrupole coupling immediately returned with a value (Ϫ882 MHz) very close to experiment (Ϫ900 MHz). Thus, the large basis set is essential; this was then extended with the several bases using equilibrium structures from the SCF, BP86, 64,65 and B3LYP 66 Hamiltonians. All structures obtained are relatively close to that of the microwave study, including the ''cis'' bending of the carbonyl towards H rather than C ax ; the small bend in ЄReC eq O eq was also found in all calculations. In practice, all three studies gave NQCC values of the correct magnitude, with the B3LYP result being marginally better than the BP86 one, which was somewhat lower in magnitude. Table II shows the results of several methods of calculation, with various basis sets, and comparison with the structure from the present microwave work.
In summary, the present calculations do provide some confidence that both the 55 
Mn and
187 Re quadrupole coupling constants are fairly stable with respect to both methodology and basis set ͑particularly in sign͒, while the larger bases give values within 10% of experiment. This is sufficient to make the study of the dinuclear species worthwhile. The effects of relativity are not included, but the pragmatic view that assistance with assignment of the microwave experiment would still be achieved.
C. MnRe"CO… 10 calculations
Initial structural optimization was performed with the LanL2MB and LanL2DZ bases, but the Mn-Re bond was large ͑3.67 and 3.429 Å, respectively͒ and, as with HMn͑CO͒ 5 , the EFG were negligible. Hence, the allelectron heavily uncontracted basis calculations for both Re and Mn were essential. The SCF procedure gave ϩ117 MHz for the EFG at Re at the microwave structure, but the above studies suggested that DFT studies would be more profitable. The B3LYP method with the extended Mn and Re bases and TZVP ͑on C,O͒ basis sets gave a much shorter Mn-Re bond of 2.98 Å, and quadrupole couplings at Mn and Re of Ϫ4.53 and ϩ521.95 MHz, respectively. Further extension of the The internal ratios of the three terms (yϭAϩB 1 XϩB 2 X 2 ) have A(Mn)/A(Re)ϭ0.318, B 1 (Mn)/B 1 (Re)ϭ0.321, and B 2 (Mn)/B 2 (Re)ϭ0.324, and are clearly identical for the two isotopes, which seem to show very similar bonding at each of these atoms. The ratio is 2x(Q Mn /Q Re ) for these isotopes. Plots of the quadratic fit of Mn-Re bond length and EFG for the Mn and Re are given in Figs. 1 and 2 . These results indicate that the dinuclear compound has a relatively weak bond, and hence is not easily treated by theoretical means. A plot of the Mn-Re bond energy for the MnRe͑CO͒ 10 complex as a function of internuclear distance is shown in Fig. 3 .
The curve can be closely represented by a cubic equation in Mn-Re bond length (r) near the minimum, but over the 2.5ϽrϽ10 Å range, a Morse potential provides a much better fit. This function has the form U͑r ͒ϭU 0 ϩD e ͕1Ϫexp͓Ϫ␤͑rϪr e ͔͖͒
, ͑3͒
where U 0 ϭϪ0.1361(2) a.u., D e ϭ0.0760(3) a.u., ␤ ϭ0.884(4) Å Ϫ1 , and r e ϭ3.210(3) Å. The minimum of this function is at 3.217 Å; this is very close to the experimental bond length. The dissociation energy is clearly low ͑2.07 eV͒, but to date no experimental value has been reported. However, although the Mn-Re bond length and quadrupole couplings vary with the calculation methodology and bases, the principal objective to determine the signs and approximate magnitudes of the couplings was achieved. Namely, the Mn coupling was small and probably negative, while the Re coupling was large and positive, and hence of opposite sign to that in HRe͑CO͒ 5 . The difficulty in extending the basis set or methodology further in order to attain more consistent results was impossible owing to limitations in the GAMESS-UK package in the use of ͑say͒ CASSCF optimization of the structure, while MP2 seemed unlikely to be useful.
IV. FITTING AND RESULTS
Sixty-four observed rotational transitions for MnRe͑CO͒ 10 were analyzed using spectral simulation and least-squares fitting methods. The transition frequencies for the simulation were calculated using a program originally from the University of Illinois ͑Flygare group-unpublished͒, and the fitting was done with the Pickett SPFIT, 69 fitting program. The observed hyperfine components of rotational transitions, Jϭ11→JЈϭ12 and Jϭ12→JЈϭ13, and deviations obtained from the least-squares fit analyses are listed in Tables V-VI. The measured rotational energies are assigned with the quantum numbers J, K, F and F, where F is the total angular momentum. To analyze and assign quantum numbers to the measured frequencies, all of the measured frequencies were plotted as a ''stick plot'' spectrum. This stick plot spectrum was then compared with a simulated theoretical spectrum. Three molecular parameters were used to simulate a theoretical spectrum. These parameters are P 1 ϭB, rotational constant; P 2 ϭeQq aa (Mn), the manganese quadrupole coupling constant; and P 3 ϭeQq aa (Re), the rhenium quadrupole coupling constants. The B value of 202.5731 MHz for the main isotopomer was calculated from the x-ray diffraction structure. 27 Initial values for the rhenium and manganese quadrupole coupling constants were obtained from the DFT calculations, discussed in Sec. III. Using theoretical values of eQq aa for Mn and Re, two sets of spectral simulations were determined for Jϭ11→JЈϭ12 and for Jϭ12→JЈϭ13 hyperfine transitions. The initial simulation using the values P 1 ϭ340.8 MHz, P 2 ϭ0.68 MHz, and P 3 ϭ521.95 MHz, gave a theoretical spectrum with hyperfine splitting patterns in reasonable agreement with the splitting pattern observed in the experimental stick plot spectrum. Further simulations with different P values were done to obtain a spectrum with ''correct'' hyperfine splitting patterns, by systematic adjustments to the initial P 1 , P 2 , and P 3 values, until good agreement between the theory and experiment was obtained. After careful comparison of the best simulation and experimental plots, we were able to tentatively assign proper quantum numbers to the experimental stick plot spectrum. The two sets of the assigned transitions clearly exhibited hyperfine splittings that derived mainly from two K components. The two observed K components were assigned to Kϭ0 and Kϭ4 states at this stage of analysis. Further spectral simulations were done using the Pickett SPCAT 69 , prediction program and additional transitions were assigned including some for the Kϭ8 state. This observation of only Kϭ4n transitions indicates that the molecular structure of MnRe͑CO͒ 10 complex has a fourfold axis of symmetry and the complex most likely belongs to the point group C 4v . Figure 4 shows the molecular structure of MnRe͑CO͒ 10 with the numbering of atoms indicated.
The accuracy of line assignments was confirmed using a least-squares fitting procedure. Three adjustable parameters were used in the Hamiltonian in order to fit the assigned transition frequencies for the two isotopomers ( 71 The rotational constant obtained from the fits for the main isotopomer are Bϭ200.3687 (1) MHz. This microwave B value is about 1.0% smaller than the B value calculated from the x-ray structure, 27 which suggests that the gas phase structure of MnRe͑CO͒ 10 is slightly larger than the solid phase structure ͑see 
V. DISCUSSION
The rotational spectrum of MnRe͑CO͒ 10 has been measured and analyzed to obtain the gas phase molecular parameters of the complex. The measured B value for MnRe͑CO͒ 10 is 200.3687͑2͒ MHz for the main isotopomer, which is about 1.0% smaller than the B value calculated from the x-ray structure, 27 and indicates a slightly larger structure in the gas phase. The more compact structure observed in the solid phase could be due to the presence of the crystal packing forces in the crystal. The Mn-Re bond length has been estimated in this work with the assumption that the gas phase metal-carbon and carbon-oxygen bond lengths and bond angles can be fixed to the values observed in the solid phase. 27 The Mn-Re bond length calculated with this scaling method is 2.99 Å, which appears to be in reasonably good agreement with the earlier solid-state value ͑2.96 Å͒ obtained by Nesmeyanov and co-workers 25 above. If we scale the Mn-Re bond length using the value ͑2.906 Å͒ reported by Ridge and co-workers 26 above, the rotational constant obtained from this scaling is about 204.0 MHz, and this is about 2% larger than the measured rotational constant. All these results suggest that the Mn-Re bond is slightly larger than the sum of the covalent radii ͑Mn:1.39, Re:1.53 Å, respectively͒. 72 The quadrupole coupling constants along the symmetry axis (a axis͒ were obtained for the MnRe͑CO͒ 10 complex. The results obtained for the manganese and rhenium quadrupole coupling constants in the calculations were rather variable, but consistent in pointing to a large positive value at Re, which contrasts with the HRe͑CO͒ 5 molecule. Thus, the experimental eQq aa ( 187 Re) value ͓370.42͑38͒ MHz͔ is close to the 874 basis set B3LYP and BP86 theoretical values of eQq aa 327.6 and 339.6 MHz, respectively, and of course, of opposite sign to that in HRe͑CO͒ 5 . In contrast, the experimental quadrupole coupling constant for 55 Mn, eQq aa Ϫ16.51(7) MHz, is much larger in magnitude than the values predicted by the DFT calculations where the sign is not stable with respect to basis set and methodology. However, the difference in spectral and equilibrium bond lengths is clearly important at both centers, as discussed above, given the relationships of quadrupole coupling with bond length. The component of the quadrupole coupling tensor along the a axis for MnRe͑CO͒ 10 is positive for rhenium and negative for manganese. The present Mn value is much reduced in magnitude when compared with the HMn͑CO͒ 5 mononuclear compound. 40 The present experimental Re eQq is much smaller than the measured value for the HRe͑CO͒ 5 mononuclear compound (Ϫ900 MHz), and of course reversed in sign. Both of these results indicate that for this dinuclear complex, the electronic charge distribution is more symmetrically distributed around the metal atoms than for the corresponding hydrides. There remains much work to be done experimentally and theoretically on this dinuclear complex. Many stronger rotational transitions ͑lower JϽ10) of this complex, which lie below 4 GHz, have yet to be measured. An apparatus is presently being constructed for lower frequency measurements. It is expected that the signals would be stronger and the hyperfine structure would be better resolved for the lower J transitions.
Calculations of electric field gradients and structures for third-row transition metal dinuclear complexes are difficult because of the equilibrium structure giving a metal-metal bond too long ͑weak͒ when compared with experiment. At present, the inability to perform large-scale multiconfiguration studies with a large active set of electrons is a real limitation, while MP2 also does not offer a good structure. For these elements, the large number of electrons and relativistic effects contribute to the difficulty in obtaining reliable results, since such effects are not well determined as yet. However, it is encouraging to note that the B3LYP and BP86 DFT Re quadrupole coupling strengths are relatively close to the measured value, and hence may prove useful in assisting other structural solutions.
